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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, nor any of their contractors, subcontractors, or their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or any third party’s use or the results of such use of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof or its
contractors or subcontractors. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.



Abstract

The NASA Langley Research Center (LaRC) airborne High Spectral Resolution Lidar (HSRL)
measures vertical profiles of aerosol extinction, backscatter, and depolarization at both 532 nm
and 1064 nm. In March of 2006 the HSRL participated in the Megacity Initiative: Local and
Global Research Observations (MILAGRO) campaign along with several other suites of
instruments deployed on both aircraft and ground based platforms. This paper presents high
spatial and vertical resolution HSRL measurements of aerosol extinction and optical depth from
MILAGRO and comparisons of those measurements with similar measurements from other
sensors and model predictions. HSRL measurements coincident with airborne in situ aerosol
scattering and absorption measurements from two different instrument suites on the C-130 and
G-1 aircraft, airborne aerosol optical depth (AOD) and extinction measurements from an airborne
tracking sunphotometer on the J-31 aircraft, and AOD from a network of ground based Aerosol
Robotic Network (AERONET) sun photometers are presented as a validation of the HSRL
aerosol extinction and optical depth products. Regarding the extinction validation, we find bias
differences between HSRL and these instruments to be less than 3% (0.01 km™) at 532 nm, the
wavelength at which the HSRL technique is employed. The rms differences at 532 nm were less
than 50% (0.015 km™). To our knowledge this is the most comprehensive validation of the
HSRL measurement of aerosol extinction and optical depth to date. The observed bias
differences in ambient aerosol extinction between HSRL and other measurements is within
15-20% at visible wavelengths, found by previous studies to be the differences observed with

current state-of-the-art instrumentation (Schmid et al., 2006).



1. Introduction

Tropospheric aerosols influence the radiative budget of the earth directly by scattering and
absorbing solar radiation and indirectly by serving as cloud condensation nuclei. When
attempting to account for direct and indirect aerosol radiative effects on climate change, the
Intergovernmental Panel on Climate Change concluded that the uncertainties associated with
aerosol radiative forcings were larger than the uncertainties associated with any of the other
principal components of radiative forcing impacting climate change (IPCC, 2007). Aerosols have
highly variable optical and physical properties, relatively short atmospheric lifetimes, and large
spatial and temporal gradients; these factors complicate efforts to account for their radiative
forcing impacts in climate models. Another key component directly affecting the radiative
forcing is the aerosol vertical profile (e.g., Haywood et al., 1997). Indeed, Satheesh (2002) found
that the aerosol radiative forcing can differ significantly for identical aerosol layers located at
different altitudes; it is therefore important to have an accurate measurement of aerosol optical
properties and vertical profile measurements. In addition to improving estimates of aerosol
radiative forcing, knowledge of the vertical profile of aerosol is useful for augmenting the
retrieval of aerosol properties from satellite-based passive radiometric instruments, such as

aerosol absorption (Torres et al., 1998).

Lidar is an excellent technique to measure the vertical profile of aerosol optical properties,
offering both high vertical resolution and high temporal resolution. Deployed from aircraft, lidars
are capable of mapping vertical distributions of aerosol over large spatial regions in a relatively
short amount of time — something that is not possible with in-situ instruments. Unlike the
standard elastic backscatter technique, the High Spectral Resolution Lidar (HSRL) technique

accurately measures the vertical profile of aerosol extinction without reliance on an external



measurement of aerosol optical depth (AOD) (McGill et al., 2003) or assumptions of the aerosol
extinction-to-backscatter ratio (Hair et al., 2001, 2008, Cattrall et al., 2005) to constrain the

extinction retrieval.

In this paper we present the NASA Langley airborne HSRL measurements from the MILAGRO
field campaign (Molina et al., 2009). This campaign was designed to study the evolution of trace
gases and aerosols above and downwind of Mexico City and employed ground-based
instrumentation in and around the urban megacity along with numerous airborne instruments on
seven aircraft. We begin by describing the HSRL data taken during this mission and their
usefulness for providing vertical and horizontal context for ground and aircraft based in-situ
measurements. The HSRL extinction profile measurements are then validated for the first time
via comparisons with three state-of-the-art measurement techniques on board three different
aircraft, and the HSRL aerosol optical depth measurements are validated via comparison with

airborne and ground based sunphotometer measurements.

2. HSRL Measurements During MILAGRO

The HSRL was deployed on the NASA LaRC B-200 King Air aircraft, which operated from
Veracruz, Mexico, and measured profiles of aerosol extinction, backscatter, and depolarization
from a nominal level flight altitude of 8.5 km (28 kft) during the MILAGRO field campaign in
March, 2006. The HSRL collected approximately 55 hours of data over 17 science flights during
MILAGRO, many of which were coordinated with the NASA J-31 aircraft, the Department of
Energy (DOE) G-1 aircraft, and/or the National Science Foundation/National Center for

Atmospheric Research (NSF/NCAR) C-130 aircraft. Numerous flights also included segments



designed to collect HSRL data over ground based AERONET network sites and during satellite
overpasses of the Moderate Resolution Imaging Spectroradiometer (MODIS) and the Multiangle
Imaging SpectroRadiometer (MISR) instruments. Coordinated flights with aircraft, ground based
sensors, and satellite overpasses are summarized in Table 1. Figure 1 summarizes the B-200
flight tracks and indicates the location of the AERONET stations (Mexico City, Orizaba,

Tamihua, TO, T1, T2, and Veracruz).
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Figure 1: Flight tracks of the NASA LaRC B-200 during MILAGRO (white). The yellow
diamonds and labels indicate AERONET stations



Coincident Measurements

Date | Flight ?"Trgnlg TEinmde MODIS | MODIS Comments
(MM/DD) # (UTC) (UTC) G-1 | C-130 | J-31 AERONET (Aqua) | (Terra) MISR
03/01 1 15:38 18:10 Transit flights from NASA LaRC to Houston
2 19:21 21:29
03/02 1 15:35 17:40 Transit from Houston to Veracruz
03/03 1 18:12 21:26 X T0,T1 L Scout for C-130 March 4, 2006 flight
03/06 1 15:53 18:41 X X T0, T1, MC L L
03/07 1 16:56 20:45 X T0, T1, MC, O L Raster Pattern over Mexico City
03/08 1 18:54 21:18 W Intended J-31 coordination
03/09 1 14:45 18:10 X TO0, T1, MC L Raster pattern over Mexico City to look at
2 19:57 23:00 X T0, T1, MC L AM/PM outflow
03/10 1 15:05 17:52 X X W
TO0,T1,T2, TA,
03/12 1 16:05 19:08 X X MC, O
03/13 1 16:18 20:01 T0,T1, MC L L Scout for G-1
03/15 1 15:41 19:05 X X T0,T1, MC L L
03/25 1 21:48 23:13 Transit back from Toluca to Veracruz
03/26 1 17:00 20:25 Transmitter troubleshooting on HSRL
03/27 1 16:45 20:25 X T0,T1,T2 L
03/28 1 13:57 17:43 X w
1 15:49 19:36 X T0,T1, O
03/29 2 21:04 00:20 X T1, MC, O L L
03/31 1 16:19 18:06 X Transit flights back to NASA LaRC
2 19:06 22:26

Table 1: X indicates comparison/validation/coordination: MODIS and MISR coincidences are indicated as over land (L) or water (W). AERONET coordinated stations
are listed: TA = Tamihua, MC = Mexico City, O = Orizaba, and TO, T1, T2




The NASA LaRC airborne HSRL system and algorithms are described in detail by Hair et al.,
(2008) and are briefly summarized here. The raw HSRL data are averaged over 100 shots (0.5 s
at 200 Hz) temporally with 30 m vertical bins, which are analyzed to determine aerosol
extinction, backscatter, and depolarization. The HSRL technique is employed for the 532 nm
wavelength, utilizing the iodine vapor filter technique (Hair et al., 2001, 2008; Piironen et al.,
1994). The received 532 nm backscatter return is split between three optical channels: (1) one
measuring the backscatter (predominantly aerosol) polarized orthogonally to the transmitted
polarization, (2) one measuring 10% of the molecular and aerosol backscatter polarized parallel
to the transmitted polarization, and (3) one passing through an iodine vapor cell which absorbs
the central portion of the backscatter spectrum, including all of the Mie backscatter, and transmits
only the Doppler/pressure-broadened molecular backscatter. This third channel, (the “molecular
channel”) is used to retrieve the profile of extinction and all three channels are used to retrieve
profiles of aerosol backscatter coefficient and aerosol depolarization. Equation 1 (corresponding
to Equation 6 in Hair et al, 2008) describes the determination of the 532 nm aerosol extinction
coefficient (a,e) from the measured power in molecular channel, (P;;), range (r), overlap function
(W), filter function describing the molecular transmission through the iodine filter (F), parallel

molecular backscatter (o)), and molecular extinction (Otmo)):

10 P,-r’
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In this expression the molecular extinction and backscatter are calculated from modeled density
profiles and the calculation is only performed where the overlap function is unity (approximately
2.5 km from the aircraft). Hair et al. (2008) describe the potential errors introduced in any of

these quantities and found the 532 nm extinction systematic error to be less than 0.01 km™ in



typical aerosol loading. The aerosol extinction is calculated at 300 m vertical and 60 s temporal
resolution (translating to ~6 km horizontal resolution using nominal aircraft speed). The aerosol
backscatter coefficient is derived from the measured attenuated total backscatter signal
(molecular plus aerosol), the measured attenuated molecular backscatter signal, and molecular
backscatter coefficient estimated from a model-derived air density profile. The aerosol
backscatter coefficients are averaged over 10 s (~1 km at nominal aircraft speed) in time and
30 m in altitude. The 532 nm extinction-to-backscatter ratio (hereafter referred to as “lidar ratio”)
is then calculated from the ratio of the aerosol extinction and backscatter and is at the coarser
resolution of the extinction product (~6 km horizontal, 300 m vertical resolution). The aerosol
depolarization ratio, defined as the ratio between the aerosol backscatter polarized perpendicular
and parallel to the transmitted laser beam, is computed from the measured total (molecular plus
aerosol) depolarization ratio and the retrieved aerosol backscatter profile. This product is
produced at the same resolution as the aerosol backscatter product (~1 km horizontal, 30 m

vertical resolution).

At 1064 nm, the standard backscatter lidar technique (Fernald, 1984) is employed to retrieve
aerosol extinction and backscatter (~1 km horizontal, 30 m vertical resolution) by assuming a
lidar ratio between 30 and 40 sr, determined from a cluster retrieval similar to Cattrall et al.
(2005). Prior to implementing this retrieval, the 1064 nm channel is calibrated to an estimate of
total backscatter in that part of the profile that is both near the aircraft and exhibits a local
minimum in the 532 nm aerosol backscatter profile. At the calibration altitude, the aerosol
component of the total 1064 nm backscatter is estimated from the 532 nm aerosol backscatter
determined via the HSRL technique by assuming the ratio of aerosol backscatter at 532 nm to that

at 1064 m is 2.5 (Chudamani et al, 1996). The estimate of the molecular component of



backscatter at the calibration altitude is calculated from the model-derived air density at the
calibration altitude. The Fernald retrieval is then implemented to calculate the 1064 nm aerosol
backscatter and extinction above and below the calibration altitude; however, unlike the 532 nm
products, the 1064 nm aerosol backscatter and extinction are not independent as they both depend
upon an assumed lidar ratio in the retrieval. Like the 532 nm channel, the 1064 nm channel also
independently measures the backscatter polarized parallel and perpendicular to that of the
transmitted beam. The 1064 nm aerosol depolarization ratio is calculated at the same resolution as

the aerosol backscatter product (~1 km horizontal, 30 m vertical resolution).

Random error estimates based on shot noise are provided for all HSRL products using a noise

scale factor as detailed in Liu et al. (2006).

The data products available from the measurements can be analyzed in terms of extensive and
intensive observables to gain insight on aerosol loading, aerosol radiative effects, and aerosol
type. Extensive observables depend upon both aerosol loading and optical properties. Intensive
observables are independent of aerosol loading and depend only on optical properties as
determined by aerosol composition, size, and shape. The extensive profile products are aerosol
backscatter at the two wavelengths and aerosol extinction at 532 nm. The intensive profile
products are the aerosol depolarization ratios at the two wavelengths, the ratio of aerosol
backscatter at the two wavelengths, and the lidar ratio (i.e., the extinction-to-backscatter ratio) at
532 nm. The aerosol depolarization ratio provides an indication of aerosol shape: spherical
particles exhibit zero depolarization whereas irregularly shaped particles (e.g., dust) significantly
depolarize the backscattered signal. Because the depolarization ratio is measured at both
wavelengths, the wavelength dependence of the aerosol depolarization ratios can also be used to

make additional inferences on aerosol morphology in the profile (e.g., the ratio of spherical-to-



nonspherical backscatter (Sugimoto and Lee, 2006)). The wavelength dependence of the aerosol
backscatter (WVD) is calculated in terms of the Angstrom exponent of the aerosol backscatter
coefficient, 3,,

p,(1064nm)
B, (532nm) )

In(2)

- ln(
WVD =

2

9

and, while also influenced by aerosol composition, provides information on particle size: smaller
particles generally exhibit a larger WVD than larger particles. The 532 nm lidar ratio is
influenced by aerosol composition, morphology, and size and provides information useful in
inferring aerosol type: e.g., the lidar ratio for more absorbing aerosols is generally larger than that
for less absorbing aerosols. A more detailed description of the retrievals of the extensive and

intensive data products is provided in Hair et al. (2008).

Column and layer products can be computed from the profile data, the most relevant of which for
this paper is the aerosol optical depth. The 532 nm differential, or layer, aerosol optical depth is a
profile of cumulative AOD (calculated from the two-way transmission in the molecular channel)
to each altitude bin, referenced to 2.5 km below the aircraft (300 m resolution). At 150 m above
the ground a polynomial fit extends the differential AOD to the ground. The column-integrated
AQOD is the largest layer available in the differential AOD, extending from the ground up to

2.5 km below the aircraft.

Figure 2 shows examples of HSRL 532 nm aerosol backscatter and aerosol optical depth products
from the second B-200 flight on March 9, 2006 (afternoon flight, 19:57-23:00 UTC). This flight
was an east-west raster pattern designed to look at the Mexico City basin region and the aerosol

outflow to the north of the city and was coordinated with the G-1 aircraft. In these plots the



column AOD and aerosol backscatter both show significant aerosol loading to the north of
Mexico City. AODs observed in this flight were higher by ~0.2 than in the morning flight (not
shown) in Mexico City and the region north of the city. A summary of the HSRL data products
for one coordinated flight section, from 21:31 UTC to 21:51 UTC (21.52 UTC to 21.85 UTC),
denoted by the black arrows in Figure 2, is presented in Figure 3. Extensive observables are
shown in Figure 3(a, b): 532 nm aerosol backscatter and extinction. Intensive observables are
shown in Figure 3c-f: the 532 nm aerosol depolarization ratio, the ratio of aerosol depolarization
ratios (1064 nm/532 nm) the 532 nm aerosol lidar ratio, and the aerosol backscatter wavelength
dependence. The thin white lines in these plots are the digital elevation map (DEM) ground
altitude above mean sea level. The thick white line in Figure 3a is the G-1 flight track, which will

be discussed below.
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Figure 2: Flight track maps of (a) aerosol backscatter coefficient (only every other leg is plotted
for clarity) and (b) aerosol optical depth on March 9, 2006 over the Mexico City basin. The black
arrows indicate the leg that is coordinated with the G-1.
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Figure 3: Time-height plots of 532 nm aerosol backscatter (a), 532 nm aerosol extinction (b), 532
nm lidar ratio (c), aerosol depolarization ratio at 532 nm (d), ratio of the 1064 nm depolarization
ratio to the 532 nm depolarization ratio (e), and the aerosol backscatter wavelength dependence
(f). The thick white line in aerosol backscatter indicates the altitude that the G-1 aircraft flew
making in situ measurements along this flight track. Note that the top axis is the HSRL time and
only the G 1 longitude is represented here; the G 1 flew this flight track within an hour of the
HSRL times (21.8 UTC to 22.6 UTC).

demonstrates the measurements that HSRL can make of a highly variable aerosol mass in a
relatively short time, yet over a large spatial region with fine vertical resolution: approximately
120 km over 20 minutes along this particular leg. The variability of aerosol intensive properties
displayed indicate variations in aerosol optical and physical characteristics and signify that there
are at least two separate aerosol types observed in this scene. The observed aerosol lidar ratios
between 21.625 and 21.75 UTC are high (40-50 sr) from the ground up to 6 km, which coupled
with aerosol 532 nm depolarization ratios around ~0.1 and higher aerosol wavelength dependence

in the same region (WVD < 0.5) indicates that the aerosols in this region were likely dominated
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by an urban aerosol air mass but contained a significant amount of dust particles. To the east of
this region, from 21.75 UTC to 21.9 UTC, the lidar ratios are around 30-40 sr, with WVD ~0 and
depolarization ~0.2, indicative of dust dominated aerosol mass. It should be noted that the
aerosol depolarization was elevated (0> 0.05) for many of the MILAGRO measurements,

indicating a nonspherical (dust) component in most of the measurements.

The DOE G-1 flew a stacked pattern coordinated for close temporal coincident with the B200
along this flight leg, thereby providing in situ aerosol and trace gas measurements along three
level leg altitudes in the lidar curtain. The G-1 started along this leg at 21.8 UTC at ~5 km
altitude on the eastern side of the region depicted in Figure 3, transecting the region where HSRL
measured high backscatter and extinction three times before ending at 22.6 UTC at ~3 km as
indicated by the thick white line in Figure 3a. Figure 4 contains a time-height curtain plot
summaries of a subset of the parameters measured by the in-situ sensors onboard the G-1. The
color coded lines representing the G-1 measurements are thickened for plotting purposes and
hence appear to extend 500 m vertically whereas the actual sampling altitude of the G-1 was
constant to within 50 m along any given level altitude segment. The G-1 instruments measured
total aerosol scattering (Figure 4a) with a three wavelength TSI model 3563 nephelometer (450,
550, and 700 nm) as well as aerosol absorption with a Particle Soot Absorbance Photometer
(PSAP) at three wavelengths (461.1, 522.7, and 648.3 nm) which are combined in Figure 4 (b, ¢)
to respectively produce aerosol extinction and single scattering albedo (SSA) at 532 nm (scaled
with wavelength and an Angstrom coefficient of unity). A Passive Cavity Aerosol Spectrometer
(PCASP) X100 with SPP 200 electronics measured the total number density of aerosols (30 bins,
0.1 to 3 um) shown in Figure 4d and the ozone concentration is measured by a UV-Absorbance

Ozone Analyzer, TEI Model 49-100 (Figure 4¢), while relative humidity (Figure 4f), is calculated
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from the ambient and dew point temperatures measured with a Rosemount 102E temperature
probe and a General Eastern 1011B hygrometer. A quantitative discussion of the G-1 extinctions

is provided in section 3.3.
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Figure 4: A subset of measurements from the G-1 aircraft including aerosol total scattering (a),
aerosol extinction (b), single scattering albedo (c), aerosol number density (0.1-3 um) (d), ozone
mixing ratio (), and relative humidity (f).

Inside of the region located in between -98.6 E and -99.0 E longitude there are elevated aerosol
counts in the PCASP, especially at higher altitudes, as well as elevated scattering, extinction,
ozone, and relative humidity. The SSA is ~0.88 in the lower altitude legs in the region of high
aerosol extinction and ~0.95 in the higher altitude leg in the same region. Taken together, these
measurements also indicate an aerosol source largely of urban origin, agreeing with the inference
on the dominant aerosol mass made via the HSRL observations. Figure 3 and Figure 4 illustrate
the complementary nature of the HSRL remotely sensed and airborne in situ observations. The
high spatial and temporal resolution HSRL curtains add context for interpretation of the G-1 data

and enable extrapolation of the inferences made from the G-1 measurements to other altitudes
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and locations. (Another example of the use of the HSRL to provide spatial and temporal context
to in-situ measurements on the C-130 aircraft is presented in section 3.1.) On the other hand, the
detailed aerosol composition, size, morphology, and optical property measurements from the in-
situ instruments on the G-1 (and other platforms) are useful for assessing the inferences of aerosol
type made from the HSRL data. This assessment of HSRL typing skill enables identification of
aerosol type to be made with higher confidence for the entire HSRL data set, including vast

regions where there are no accompanying in situ observations.

3. HSRL Extinction and AOD Comparisons

The coordinated measurement efforts in MILAGRO provided the opportunity to assess the HSRL
aerosol extinction and optical thickness profiles via comparison with profiles derived from two
other airborne instruments employing different measurement techniques: (1) the 14-channel
NASA Ames Airborne Tracking Sunphotometer AATS-14 on the J-31 aircraft (Russell et al.,
2007; Livingston et al., 2009) and (2) the in situ nephelometer measurements of aerosol scattering
and PSAP measurements of aerosol absorption from the Hawaii Group for Environmental
Aerosol Research (HIGEAR) on the NSF/NCAR C-130 aircraft (McNaughton et al., 2009).
Comparisons of temporally and spatially coincident aerosol extinction measurements derived
from the nephelometer and PSAP instruments is also shown to validate the HSRL extinction.
Aerosol optical depths derived from the HSRL measurements are also compared with the
14-channel NASA AATS-14 and the AERONET ground-based sun photometer AOD

measurements.

The linear regressions presented here were preformed using the linear least squares bisector

technique (Sprent and Dolby, 1980). This follows the example of Schmid et al. (2006) and
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accounts for the fact that neither dataset is the “truth” and should therefore be treated as the
independent variable. Similarly, the bias and rms differences reported here were calculated

following Schmid et al. (2006).

3.1 HiGEAR

The HIGEAR aerosol scattering measurements are measured with a TSI 3563 three-wavelength
(450, 550, 700 nm) nephelometer and the HiGEAR aerosol absorption measurements were
determined from a three-wavelength (470, 530, 660 nm) Radiance Research particle soot
absorption photometer. The aerosol scattering was scaled to 530 nm based on the wavelength
dependence of the scattering measured at 450 nm and 550 nm. The dry aerosol scattering
measured by the nephelometer is corrected to ambient relative humidity using the approximation

(Kasten, 1969) given by equation 3:

-Y
Gs = Os,d 1 — RH (3)
1-RH,

where O; is the light scattering coefficient at relative humidity RH (value between 0 and 1) and
O, 4 15 the light scattering coefficient at dry relative humidity, RHy. For this analysis the empirical
fitting parameter, y, was determined from a HIGEAR humidified nephelometer suite on the C-130
for MILAGRO. On average for MILAGRO the parameter y from this instrumentation was found
to be 0.49 above 2 km and 0.61 below 2 km. Additionally, the absorption was corrected for the
interference of scattering and bias in manufacturer’s calibration (Virkkula et al. 2005). Aerosol
extinction is then the sum of the scattering and absorption at 530 nm and scaled to 532 nm with

an assumed Angstrom coefficient of unity.
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Closely coordinated maneuvers between the B-200 and C-130 were conducted on three dates.
These maneuvers consisted of the B-200 with the HSRL flying “racetrack™ patterns over
ascending/descending spirals of the C-130 with the HIGEAR instrumentation and yielded a total
of four HIGEAR vertical profiles useful for intercomparison with the HSRL data. Because the
HiGEAR extinction profiles were acquired at a higher resolution than HSRL the HiGEAR
extinction profiles were smoothed with a 300 m moving average to be consistent with the filter

applied to the HSRL extinction profile.

These comparison profiles are all coincident in time to within 5 minutes, making insignificant
any differences due to temporal variation. However horizontal aerosol gradients do lead to
differences in the HSRL and HiGEAR extinction profiles simply due to differences in horizontal
sampling, i.e., the HIGEAR data being acquired through ascending/descending spirals of the C-
130 and the HSRL data being acquired in a B-200 “race-track™ pattern over the C-130 spirals.
Figure 5a shows an example of this effect with a coincident spiral of the C-130 and
corresponding track of the B-200 on March 29, 2006. The column AOD measured by HSRL is
also plotted on the HSRL track and clearly illustrates that the AOD on the southern leg is higher
than the northern leg by ~0.1. The aerosol scattering ratio (the ratio of aerosol backscatter to
molecular backscatter) curtain plot shows this north-south difference as well, as large changes in
the scattering within the southern leg between 1 km and 2 km. The effect can also be seen in the
line plot comparison of extinction, where the HSRL profiles are shown for an average of just the
northern flight legs and again over all flight legs in Figure 5 (c). The largest differences in
extinction are seen between 1.4 km and 2.0 km where the C-130 was on the northern half of its
spiral from 1.4 km to 1.8 km, thereby missing the thick aerosol mass 11 km to the south seen in

the HSRL data. Using only the northern legs yields some discrepancies near 1100 m as the
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C-130 was at the southern track at that altitude. All other coincident spirals were investigated for
sharp spatial gradients that could lead to potentially different air masses reported in the
subsequent comparisons. Deviations in HSRL AOD were generally less than 0.025 over the

spiral region in all other cases.

HSRL Track
HiGEAR Tr?ck

0.45

18.8" N

o
f -
(wu zgg) Lov

oy 0.38

(@) : S
_ _ — - - — 0.3
96.5 W 96.4 W 96.3 W 96.2 W 96.1 W 96.0 W
HSRLIMILAGRO/B200 Time(UT) 29.Mar-2006
83 BB B4 B4 BS BB 86 8B 27 March 29, 2006
) 398 6LE .. ——HSRL N Only |
4 — HiGEAR
251
:
158 2
= 8 =
£ ' 50§
T S 3 —
3 0633 § K
£ 2 8
04 @ B
g <
025 3§
0.16
d; o1 187 1878 1872 1875 1879 NLap oli i i
l % % { l l I } l n 0 0.1 0.2
9624 9632 %1 9627 9634 %608 9622 963 9613 ELon Extinction [km™1

Figure 5: (a) March 29, 2006 coincident HSRL (black dashed) and HIGEAR (grey) flight tracks
with HSRL AOD shown along the straight legs, (b) backscatter ratio time-height plot over the
same time period with the north and south legs indicated, (c) average extinction profile from
HiGEAR and HSRL, with HSRL data averaged over the northern legs only and also over both the
northern and southern legs.
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Coincident aerosol extinction profiles from HSRL and HiGEAR are plotted in Figure 6. Overall,
the comparisons show the HSRL profiles of aerosol extinction to be generally in excellent
agreement with the extinction profiles derived from HiIGEAR. On March 10, 2006 the relative
humidity was below 50%, leading to small humidification factor corrections, which is also where
the agreement is best (Figure 6 a). However on March 28 and March 29, 2006 (Figure 6 b, ¢, and
d) the relative humidity was greater than 75% in the boundary layer and there are more disparities
in the HSRL and HiGEAR aerosol extinction comparisons, potentially due to errors introduced in
the humidification correction, which corresponds to a 30% to 45% enhancement of aerosol

scattering for a relative humidity of 60%.
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Figure 6: Vertical profiles of HSRL and HIGEAR derived extinction March 10, 2006 (a) March
28, 2006 (b) March 29, 2006 (1*' spiral) (c) March 28, 2006 (2Ild spiral) (d). The relative humidity

from the C-130 is shown in red.
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All coincident HSRL and HiGEAR extinction measurements are summarized in Figure 7. The
HSRL and HiGEAR extinctions are in good agreement over a wide range of aerosol extinctions,
from ~0 km™ to 0.2 km™, with a bias difference of -0.0011 km™ (-2.6%) (HSRL lower), a rms
difference of 0.011 km™ (22.6%), and * value of 0.94. As observed above, the HIGEAR data are
measured in a dry environment and corrected for relative humidity. In order to minimize the
impact of relative humidity the regression was performed on only the data measured below 65%
relative humidity, which were found to have a bias of -0.0044 km™ (-1.5%) (HSRL lower), rms
difference of 0.008 km™ (26.8%) and a r* value of 0.88. The slope of this subset regression
remained similar to that of the original regression. Inclusion of relative humidity between 65%
and 100% in the regression yields a bias difference ranging from -0.0011 km™ to 0.0006 km
(-2.6% to 1.6%), rms difference from 0.008 km™'to 0.01 km™ (22.6% to 27.0%), and slope
between 0.96 and 1.09 with good correlation remaining throughout the range. The changes
observed by limiting the relative humidity are small and leads us to conclude that the bias is

nearly zero in this case and the HIGEAR humidity correction is adequate.
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HSRL / HIGEAR Comparison
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Figure 7: Comparison of 532 nm extinction (black circles) from HSRL and HiGEAR for all four
profiles acquired on three days: March 10, March 28, and March 29, 2006. Data points
corresponding to relative humidity less than 65% are indicated with a smaller red circle. Black
and red lines are the bilinear regression for all data and data with relative humidity less than 65%
respectively. The black dashed line is a one-to-one line.

3.2 AATS-14

The HSRL and AATS-14 instruments sampled the same region on a total of five coincident
flights; however, cloud interference reduced the number of useful comparisons to three cases
corresponding to three J-31 vertical profiles The AATS AODs obtained during these profiles
were scaled with wavelength to 532 nm using an Angstrom coefficient derived from the AATS
519 nm and 604 nm AODs. A corresponding aerosol extinction profile was calculated from each
AATS 532-nm AOD profile using a multi-step procedure based on that described in Schmid et

al., 2003. This approach consists of binning the AODs with altitude, fitting the binned AOD
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values with a smoothing spline function, and then numerically differentiating the spline fit. For
the MILAGRO AATS measurements, each reported extinction profile represents the mean of a
series of retrieval runs in which the vertical bin width was varied from 20 m to 300 m in
increments of 20 m, and the spline smoothing parameter was varied over a range of values chosen
to minimize, without over-smoothing the AOD profile, the effects of spatial and temporal AOD
inhomogeneities that can result in measurements of increasing AOD with altitude. The final
extinction profile is reported at a vertical spacing of 50 m, where each retrieval was interpolated
to the pre-defined 50-m vertical grid before calculating the mean. The HSRL data were binned
to the same 50 m vertical grid to which AATS-14 extinction profiles are reported. Figure 8
shows the resulting extinction and raw (not binned) differential AOD profiles for 532 nm, all
showing excellent agreement. The differential AOD values are normalized such that the value
reported at any altitude bin presented here represents the optical depth of the aerosols located
between that altitude and the maximum altitude attained by the J-31 in each spiral (~4.8 km).
Normalizing the differential AOD to zero the maximum altitude of the J-31 was done to eliminate
potential AOD offsets between the HSRL and the AATS-14 AOD measurements due to aerosols
above the altitude of the B-200 which would not be observed by the nadir-viewing HSRL

instrument.

Both HSRL and AATS remotely measure the ambient aerosol so there are no humidification
corrections or outlet cutoff concerns in this comparison. Also, it is important to note because
both HSRL 532 nm molecular channel and AATS-14 inherently measure optical depth profiles
and derive aerosol extinction in a further processing step (i.e., taking a derivative of the
differential AOD profile) that the differential AOD provides a more fundamental product for a

measurement comparison.
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Figure 8: Profile comparisons of HSRL and AATS aerosol extinction at 532 nm (a,c,e) and
differential AOD at 532 nm (b, d f). These are from three spirals on March 10, 2006 (a, b),
March 12 (c, d) and March 15, 2006 (e, f). On March 15, 2006 the lower limit is 2.5 km because
this spiral was over vertically varying terrain with surface altitudes up to 2.6 km. Note that the
HSRL 532 nm AOD profiles extend closer to the ground than the HSRL extinction because of the
extrapolation. = Random uncertainty for both HSRL is plotted for 532 nm extinction;
corresponding AATS extinction uncertainties are described in the text.

Figure 9 shows a summary of all coincident HSRL and AATS-14 532 nm extinction data. The
HSRL and AATS-14 extinctions are in good agreement with a bias difference of -0.00029 km''
(-0.95%) (HSRL lower), a rms difference of 0.0132 km™ (43.4%), and r* value of 0.73. Note
that, compared to HiGEAR, the range of extinction is smaller by almost a factor of two.
Consequently, the inherent uncertainty in both HSRL and AATS-14 extinction measurements is
larger in a relative sense for this smaller range. The lower correlation compared to HIGEAR may
be due to several factors. First, it is possible that HSRL and AATS-14 can potentially measure
slightly different air masses (down looking lidar vs. sun photometer-to-sun path). These spirals
all had the solar zenith angle smaller than 40 degrees which could lead to a maximum horizontal
sampling offset of 7 km (HSRL sampling at 8.5 km and AATS-14 viewing the volume from near
the surface). Similar to the HIGEAR comparisons, these measurements can be affected by
horizontal gradients. Horizontal gradients were probably present in the March 12, 2006 case, for
which the AATS-14 AOD nonphysically increases with altitude, probably due to an artifact of the
sampling geometry (i.e., moving into a region of higher aerosol loading on one side of the spiral).
It is difficult to assess any horizontal gradient from the HSRL observations for this case. The
J-31 spiral was overflown by the B-200 in only one direction, with very little gradient

(AAOD<0.01) observed. This geometry would be sensitive to a gradient in aerosol loading on a
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different bearing from the J-31 spiral, and, in general, the nadir-only HSRL data cannot provide
information on horizontal gradients in aerosol or cirrus above the B-200 along the path from the
AATS-14 to the sun. Some of the outlying points in Figure 9 are possibly due to cloud
contamination above the AATS-14. One example of this was on March 15, 2006 (Figure 8 e,f)
where the AATS-14 AOD data indicate there was significant cloud screening and only a few

points went into the extinction calculation near the surface, causing differences up to 50%.
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Figure 9: Comparison of 532 nm extinction from HSRL and AATS-14 for all three profiles
acquired on March 10, March 12, and March 15, 2006. Red and black (dashed) lines indicate the
bilinear regression and the 1:1 line respectively.
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The error bars in Figure 8 and Figure 9 are the random uncertainty estimates in the HSRL
product. The error bars on the AATS extinction values for a particular profile were derived by
combining, in an rms sense, the standard deviation of the set of retrieval results with an estimate
of the uncertainty (equation 5 in Redemann et al., 2003) due to spatial and/or temporal
inhomogeneity of the aerosol field during the vertical profile. These uncertainties were used to
weight the bilinear regression, which yielded a similar slope (1.05+0.04) and intercept
(-0.001+0.001) as the unweighted regression. Uncertainty estimates were not available for in-situ

measurements so no other weighted regressions were performed.

As mentioned above the differential AOD is a more fundamental measurement for both HSRL
and AATS-14 which is presented in Figure 10. For this dataset the bias difference is -0.0032 (-
6.5%) (HSRL lower) and the rms difference is 0.0079 (15.6%). The slope of the regression line
is nearly unity with good correlation (r* = 0.98) between the measurements. This supports the
observation that some of the spread observed in the extinction comparison is likely due to
differences in methods for calculating aerosol extinction and differences in vertical smoothing

and/or resolution related to doing so.
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Figure 10: Comparison of 532 nm AOD from HSRL and AATS-14 for all three profiles acquired
on March 10, March 12, and March 15, 2006 with the bilinear regression in red and the one to
one line in black (dashed).

3.3 G-1 Extinction Measurements (Nephelometer + PSAP)

The G-1 did not perform any spirals coincident with the B-200 so, instead of profile comparisons,
extinctions were compared along coincident flight tracks at the altitude of the G-1. The data were
screened for coincidence as defined by a horizontal flight track separation of less than 5 km and a
temporal separation of less than 30 minutes. A total of five flights contained coincident data

meeting this criteria: March 3, March 6, March 9 (two flights), and March 15, 2006.

The G-1 nephelometer and PSAP instruments used in this comparison are described in Section 2

above. The nephelometer scattering and PSAP absorption were scaled to 532 nm with
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wavelength assuming an Angstrom coefficient of unity and summed to derive extinction at the
HSRL wavelength. The scattering coefficients were corrected to ambient relative humidity with
Equation 1 (assuming a dry RH of 30%) and g value of 0.49 due to the fact that all of these
measurements were acquired at altitudes greater than 2 km above sea level. Additionally, the

absorption coefficients are corrected for scattering (Bond et al,. 1999, Eq 1, Table 4).

Figure 11 shows a summary of all coincident HSRL and G-1 532 nm extinction data where the
HSRL extinctions were averaged over four vertical sampling bins (a total of 120 m) centered on
the G-1 altitude. The HSRL and G-1 extinctions are in good agreement over a wide range of
aerosol extinctions (from ~0 km™ to 0.4 km™), which includes much larger values than those
observed in the coincident AATS-14 and HiIGEAR observations discussed above. Even with the
large range of extinction values, the bias difference of HSRL and the G-1 extinction is still low
-0.00032 km™, or -0.27%, (HSRL lower) and rms differences of 0.0356 km™ (30.6%) with good
correlation (r* = 0.92). There is some spread in the scatter plot, which is likely due to horizontal
and temporal sampling differences (e.g., advection of horizontally varying aerosols over the time
lag between the two measurements as observed in the HIGEAR case above). In Figure 11 the red
filled circles are points for which the relative humidity was less than 65%. For cases with higher
than 65% relative humidity more than a 30% enhancement was added to the scattering
coefficient, computed from equation 3. Neglecting points with RH > 65% yields a bias of
0.0031 km™ (2.9%, HSRL higher) and rms difference of 0.029 km™ (27.7%). The slope of the
bilinear regression neglecting the high relative humidity points is 1.07 with excellent correlation
(r* =0.93). The regression was also performed with the inclusion of relative humidity between
65% and 100% to test the humidity correction, where the bias difference, rms difference, and

slope were found to vary between the values already reported. This implies that the bias
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difference was overall small and slightly positive and the slope was overall slightly larger than
unity. This discrepancy could be due to many factors, though it is possibly due to the application
of a single parameterization for the relative humidity correction applied to all of the G-1 data,
which was over several days and many air masses. Still, the results show that the extinction from

HSRL and the in-situ measurements on the G-1 are in very good agreement.
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Figure 11: A comparison of all coincident HSRL and G1 extinction data (black circles) within
5 km and +/- 30 minutes. The red filled smaller circles indicate data points with relative humidity
less than 65%. Black and red lines indicate the bilinear fit of the data with all points considered
and with only points with associated relative humidity less than 65% respectively.

3.4 AERONET

The AERONET (Holben et al., 1998) deployed automatic tracking sun and sky scanning

radiometers to several stations in and around Mexico City: Orizaba (19.106 N, 97.324 W),

-29 -



Mexico City (19.334 N, 99.182 W), Tamihua (21.261 N, 97.442 W), and Veracruz (19.14 N,
96.187 W), and heavily instrumented sites designated as TO at the Instituto Mexicano del Petroleo
(19.490 N, 99.148 W), T1 at the Universidad Tecnoldgia del Tecamac (19.703 N, 98.982 W), and
T2 at the Rancho La Bisnaga (20.010 N, 98.909 W). At the time of this work level 2 AERONET
data existed for only Mexico City, TO, T1, and Tamihua so Level 1.5 data were used for Orizaba
and T2. The HSRL optical depths were compared to the AERONET 550 nm optical depths,
scaled to 532 nm with wavelength assuming an Angstrom coefficient of unity to evaluate the
HSRL column AOD values. Using the criterion of limiting temporal coincidence to within a one
hour window between the HSRL and AERONET optical depth measurements and a 10 km spatial

distance between the site and the HSRL flight track, 10 coincident observations were found.

The optical depth bias difference was -0.015 (HSRL lower), or -6%, with rms differences of
0.058 (22.6%) and an r* value of 0.65. Some of this discrepancy may be accounted for by any
aerosol optical depth above the sampling range of the airborne HSRL, which is typically from the
surface to 6.5 km above mean sea level for the extinction and AOD measurement (the aircraft
altitude is typically ~9 km and the nearest 2.5 km of the profile are conservatively excluded from
the extinction and optical depth calculation due to incomplete transmitter-receiver overlap). The
stratospheric optical depth is estimated to be 0.005 for mid-latitudes in the northern hemisphere
(Jager, 2005), however this does not account for aerosol between the tropopause and the HSRL
measurement. In order to estimate the amount of AOD above HSRL’s measurement all of the
AATS-14 data were examined for optical depths at altitudes greater than 6 km. Three dates were
found to meet these criteria: March 6, 15, 19, 2006, with the average J-31 altitude of 6.3 km. The
average 532 nm optical depth above 6.3 km as determined from the AATS-14 measurements was

0.011+0.002, close to the 0.015 bias between the near-coincident AERONET and HSRL AOD
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measurements. Additionally, the AOD in the range from the surface to 150 m above the surface
is extrapolated from the HSRL-derived extinction measurement above that altitude to avoid errors
due to the effect of the surface return in the HSRL profiles, and this extrapolation could result in

small AOD errors for cases where there is a strong gradient in aerosol near the surface.

Differences on the order of 0.015 can easily be accounted for by the aerosols above HSRL or near
the ground and Ferrare et al. (2006) found similar biases with a ground based Raman lidar and
sunphotometer measurements. More data points are required to make any statistical statements
about the AOD comparison; this analysis will be done in the future using data from numerous
HSRL airborne campaigns conducted after MILAGRO. While more data would be useful, we
note that the near-coincident HSRL-AERONET observations from MILAGRO are within the
accuracy range comparison of AATS-14 to ground based sun photometer measurements of ~5%

in a recent field study.
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Figure 12: Comparison of 532 nm AOD from HSRL and AERONET (all stations) using 1 hr and
10 km as the criteria for coincidence. The black dashed line is the one to one line and the red line
is the bilinear regression.

3.5 Discussion of HSRL Validation and Comparison with Previous Studies

The HSRL 532 nm aerosol extinction profiles are, generally, in excellent agreement with three
separate measurements: AATS-14, HIGEAR, and the extinction measurements from the G-1.
Schmid et al. (2006) found in a comparison of ten lidars that there was often little bias between
lidar extinctions and AATS-14 at 532 nm, though when a bias was present it was positive, while
our study found a small negative bias of -0.00029 km™ (-0.96%). It should be noted that in the
Schmid et al. (2006) study, of the ten lidar comparisons presented, eight were against elastic

lidars which cannot directly measure aerosol extinction and the two Raman lidars comparisons

-32-



were at 355 nm; the subject of this paper is the first comparison between AATS-14 and a lidar

measuring the aerosol extinction coefficient at 532 nm.

Bias differences in previous studies found that lidars generally yield larger extinction
measurements than in-situ techniques. We found the HSRL extinctions compared to two in-situ
techniques to have a small negative (HSRL lower) bias. Bias difference between HSRL and the
in-situ techniques can be due to sampling differences due to gradients, inlet sampling cutoff
causing the in-situ to miss some coarse mode, or the humidity correction to aerosol scattering.
The inlet sampling cutoff would result in a positive bias, so it was not likely a factor in this study.
For the in-situ measurements onboard the C-130 (HiGEAR), we found little difference in bias
and regression slope when removing high relative humidity points to test the RH correction
applied to the dataset. Removing the high humidity data from the G-1 in-situ comparison led to
slopes slightly smaller (but larger than unity) and larger bias values, indicating that the simple

humidity correction used on the G-1 scattering may not be applicable in all situations.

We note that the extinction differences in the comparisons presented in this study are
approximately consistent with the typical differences of 15-20% between state-of-the-art
instruments in measuring ambient aerosol extinction at visible wavelengths (Schmid, et al.,
2006). The differential and column aerosol optical depth comparison presented here is also a
direct validation of the HSRL AOD products. The HSRL column 532 nm AOD values are 0.015
lower than AERONET which is likely due to AOD above the region where HSRL measurement

are retrieved from the aircraft (~6 km).
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Wavelength | number | bias bias percent | rms difference | rms percent | Slope | Intercept | R
(nm) of points | difference difference difference
HiGEAR 532 624 -0.0011 km™ | -2.6% 0.011 km 22.6 % 1.09  [-0.0029 |0.94
AATS-14 Extinction | 532 219 -0.00029 km™ | -0.96 % 0.013 km™' 43.4% 0.96 -0.0015 | 0.73
AATS-14 AOD 532 223 -0.0032 -6.5 % 0.0079 15.6 % 1.01 0.0028 | 0.98
G-1 Neph+PSAP 532 3642 -0.00032 km™ | -0.27 % 0.036 km™ 30.6 % 1.13 -0.015 0.92
AERONET 532 10 -0.015 -5.9 % 0.058 22.6 % 1.00 0.015 0.65
Table 2: Summary of extinction and AOD comparisons presented in Section 3.
Data limited to | Wavelength | number | bias bias percent | rms difference | rms percent | Slope | Intercept R®
RH<60% (nm) of points | difference difference difference
HiGEAR 532 472 -0.0044 km™ | -1.5% 0.0080 km' 26.8 % 1.05 -0.0011 | 0.88
G-1 Neph+PSAP 532 3465 0.0031 km™ 2.9 % 0.029 km™' 27.7 % 1.07 -0.011 0.93

Table 3: Summary of dry (RH < 65%) extinction comparisons for presented in Section 3 for measurements with a relative humidity
correction.
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4. Summary

We have presented NASA LaRC airborne HSRL measurements of aerosol backscatter,
extinction, and depolarization at two wavelengths (532 nm and 1064 nm) and aerosol optical
depth at 532 nm acquired during the MILAGRO field campaign. The measurements from the 9
March flight were shown to illustrate the value of the data in providing vertical context for the in
situ measurements acquired on the DOE G-1 aircraft and inferring aerosol type. Similarly, the
data from the 29 March flight were shown to provide information on vertical and horizontal
aerosol gradients useful for interpretation of the in situ aerosol data acquired on the NSF/NCAR
C-130. The MILAGRO campaign also provided an excellent first opportunity to validate the
HSRL extinction measurements. Coordinated flights with the NASA J-31 and NSF/NCAR
C-130 allowed us to compare eight vertical profiles of extinction derived from instrumentation
employing vastly different techniques to the HSRL extinction profiles. The HSRL 532 nm
extinction profile measurements were in excellent agreement (differences less than 0.001 km™)
with the AATS-14 and HiGEAR instruments, proving the accuracy of the HSRL technique, and
the LaRC HSRL instrument in particular, for measuring aerosol extinction. Overall, the
extinction and AOD bias differences were less than 6% at 532 nm and are summarized in Table 2

and Table 3.
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